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Abstract
The ventral tegmental area (VTA) plays an essential role in reward and motivation. How the dopamine (DA) and non-DA
neurons in the VTA engage in motivation-based locomotor behaviors is not well understood. We recorded activity of
putative DA and non-DA neurons simultaneously in the VTA of awake mice engaged in motivated voluntary movements
such as wheel running. Our results revealed that VTA non-DA neurons exhibited significant rhythmic activity that was
correlated with the animal’s running rhythms. Activity of putative DA neurons also correlated with the movement behavior,
but to a lesser degree. More importantly, putative DA neurons exhibited significant burst activation at both onset and offset
of voluntary movements. These findings suggest that VTA DA and non-DA neurons conjunctively process locomotor-related
motivational signals that are associated with movement initiation, maintenance and termination.
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Introduction
The ventral tegmental area (VTA) is widely believed to play an
essential role in reward, motivation and drug addiction [1–5].
Electrophysiological properties of putative dopamine (DA) neurons
in the VTA have been extensively studied in previous studies,
showing that unexpected reward (e.g., food, juice) and reward cues
(conditioned stimuli) evoke a brief burst activity of the DA neurons
[6–9]. These DA neurons’ responsiveness appears to encode a
wide range of novel and reward-related events through a
prediction error rule [6–8]. When it is fully predicted, DA neurons
show very limited or no responses to a food or juice reward [6–8].
Together with many other studies involving lesions and genetic
manipulations, it is suggested that dopamine activity is more likely
to be associated with motivation and incentive ‘‘wanting’’ rather
than the hedonic impact of reward [3,10,11]. While non-DA
neurons are presumed to play an important role in regulation of
DA neurons in the VTA, few studies have examined their roles in
animal’s motivational behaviors.
In the ventral tegmental area (VTA), overall 33–45% of the
neuronsareestimatedtobe non-DA neuronsinrodents[12–14].Of
note, distributions of the non-DA neurons range from around 10–
60% in different subregions of the VTA [13,14], suggesting a great
heterogeneity in the VTA. The majority of these non-DA neurons
are GABAergic neurons, which are presumed to play an important
role in local inhibition of DA neurons in the VTA [14,15].
Importantly, VTA GABAergic neurons are also involved in
regulation of striatal and cortical neurons through their projecting
axons, e.g., an estimated 58% of mesoprefrontal and 20% of
mesoaccumbal projection neurons are GABAergic [16–19]. The
anatomic complexity and heterogeneity of the VTA non-DA
neuron may explain its diverse functions that are possibly involved
in reward, psychomotor control and addiction behaviors [20–23].
It has been reported that VTA non-DA neurons increase their
firing rates significantly during active wakefulness and rapid eye
movement (REM) sleep, relative to quiet wakefulness [21,23]. In
particular, VTA non-DA neuron firing rates increase markedly at
the initiation of movement [21] and their activity correlates with the
velocity or acceleration of animal’s movement [24]. These results
suggest that VTA non-DA neurons play an important role in
animal’s locomotor activity. However, the role of the VTA non-DA
neurons in sustained locomotor activity has not been quantitatively
well examined [21]. More importantly, whether the DA neurons in
the VTA may play a role in motivation-based locomotor activity is
still not clear. Wheel running is a widely reported behavior
performed by rodents and is believed to be possibly rewarding or
motivation-driven [25–27]. Therefore, wheel running is a potential
good model for studying motivation and locomotor activity. To
further understand the role of VTA DA and Non-DA neurons in
animal’s motivational locomotor behaviors, we subjected mice to
voluntary wheel running while we simultaneously recorded multiple
neuronal activities in the VTA area. Our results suggest that VTA
putative DA and non-DA neurons conjunctively process locomotor-
related motivational signals that are associated with movement
initiation, maintenance and termination.
Results
Muti-tetrode recording in the VTA of freely behaving
mice
We implanted movable bundles of 8 tetrodes (32 channels) into
the VTA of the right hemisphere. Data from a total of 10 mice
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were used for analyses, and the recording electrodes’ positions
were confirmed by histology (Figure 1A). We only included units
with clear spike waveforms and isolations for further analyses (for
examples of well-isolated units recorded from one tetrode, see
Figure 1B_units 1–3). Overall, a total of 72 well-isolated units were
recorded in the VTA area. Of these, 25 were classified as putative
DA neurons according to previously established criteria [28–30]
(see Materials and Methods), and the other 47 units were classified
as non-DA neurons. These putative DA neurons typically
exhibited broad, tri-phasic spike waveforms (see Figure 1B_unit
3 for an example). They all showed low baseline firing rates (0.5–
10 Hz) and regular firing pattern. On the other hand, the vast
majority of the classified non-DA neurons (41/47) showed high
baseline firing rates (.10 Hz) and movement modulated firing
changes [21,23].
Moreover, these classified putative DA neurons exhibited
significant activation after onset of the conditioned tone that
reliably predicted subsequent food delivery, while VTA non-DA
neurons typically showed no response to the conditioned tone (for
examples of two simultaneously recorded putative DA and non-
DA neurons, see Figure 2A_left panels). Overall, all the classified
putative DA neurons (n=25) showed significant activation after
onset of the conditioned tone that predicted subsequent food
delivery (P,0.01, Wilcoxon signed-rank test), while very few VTA
non-DA neurons (13%; 6/47) showed significant activation in
response to the conditioned tone (Figure 2B).
We also injected the mice with the dopamine receptor agonist
apomorphine (1 mg/kg, i.p.) which has been mainly shown to
inhibit the activity of the DA neuron [28,30]. As shown in the
cumulative spike activity histograms, the putative DA neuron (unit
1) exhibited strong suppression, while the non-DA neuron (unit 2)
showed no significant firing changes after the injection of
apomorphine (Figure 2A, right panels). We randomly tested 32
recorded VTA neurons (including 10 putative DA and 22 non-DA
neurons) and our pharmacology results confirmed that 9 out of 10
putative DA neurons showed significant suppression (=20%
baseline firing rate), while the majority of VTA non-DA neurons
(20/22) showed limited or no change in firing rate after the
injection of apomorphine (Figure 2C).
Rhythmic activity of the VTA non-DA neuron during
wheel running
To examine the correlation between the VTA neuron activity
and animal’s motivational locomotor behaviors, we subjected mice
to voluntary wheel running while simultaneously recording
neuronal activities in the VTA. We found that VTA non-DA
neurons showed significant change of firing rates and/or firing
patterns during wheel running compared with quiet wakefulness
(Figure 3A). And more importantly, these non-DA neurons
exhibited significant rhythmic activity during wheel running. As
an example, both auto-correlation analyses (Figure 3B) and power
spectral density analyses (Figure 3C) indicate that the two VTA
non-DA neurons exhibited strong rhythmic activity (at a cycle of
0.31 sec on average) that correlated well with the animal’s wheel
running cycle (0.3160.06 sec; mean 6 s.d.; calculated by limb-
movement cycles).
We also compared the neuronal activities between high-speed
and low-speed voluntary wheel running. Our auto-correlation
analyses revealed that the activity of the VTA non-DA neurons
correlated well with the wheel running speed (Figure 4A and B).
Population analysis revealed that the activity rhythms of the VTA
non-DA neurons correlated tightly with the wheel running
rhythms (Figure 4C). These results suggest that VTA non-DA
neurons play an important role in voluntary locomotor activity
that is associated with sustained rhythmic running behaviors.
We next asked whether the VTA non-DA neuron fired at a
specific phase of each wheel running cycle. Our analyses suggested
that individual VTA non-DA neurons fired preferentially at
specific phases of the wheel running cycle. As shown in Figure 5A,
five VTA non-DA neurons (units 1–5) were recorded simulta-
neously during wheel running. These non-DA neurons showed
strong rhythmic activity, and more importantly, phase-specific and
phase-locked firing in each wheel running cycle. By calculation of
their cross-correlations (we chose the most rhythmic unit 4 as the
reference), our results suggested that units 1–5 fired sequentially at
specific phases of the wheel running cycle (Figure 5B).
Rhythmic activity of the VTA putative DA neuron during
wheel running
Dopamine has been suggested to play an important role in
locomotor activity and motor learning [31–34]. Dopamine
transmission in the nucleus accumbens (which mainly receives
dopaminergic input from the VTA) is important for locomotor
activity such as sensitization induced by psychostimulants, opioids
Figure 1. Muti-tetrode recording and spike sorting. (A) Electrode
array track shown on an example coronal brain section (top-right) and
locations of the electrode array tip from 10 mice on the atlas section
diagrams [44]. (B) Left panel, an example of spike sorting using principle
component analysis (Plexon OfflineSorter). Here, multiple units were
recorded simultaneously from one tetrode; red/purple/blue dots
represent isolated units 1–3, respectively; yellow dots represent un-
isolated spikes and noises; black dots represent overlapping spike
waveforms, which would be manually assigned to units 1–3. Middle and
right panels, representative spike waveforms for the units 1–3. Note
that only unit 3 was classified as putative DA neuron, while units 1 and
2 were classified as non-DA neurons.
doi:10.1371/journal.pone.0016528.g001
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the activity of the VTA putative DA neurons was involved in
motivated locomotor behaviors such as wheel running. To address
this question, data from simultaneously recorded putative DA and
non-DA neuron pairs were used for analyses.
As shown in Figure 6A, four neurons were simultaneously
recorded in the VTA. The two putative DA neurons (units 1 and
2) increased their activity significantly after onset of the
conditioned tone that predicted subsequent food delivery,
consistent with previous studies showing that reward and reward
Figure 2. Classification of VTA putative DA and non-DA neurons. (A) Left panels, peri-event rasters and histograms of two simultaneously
recorded VTA neurons (unit 1: putative DA neuron; units 2: non-DA neuron) in response to the conditioned tone (5 kHz, 1 sec) that reliably predicted
food delivery. Right panels, cumulative spike activity of the same two neurons before and after (-60-0 and 0–60 min, respectively) the injection of the
dopamine receptor agonist apomorphine (1 mg/kg, i.p.). (B) Percentages of classified putative DA (100%; n = 25) and non-DA neurons (13%; 6/47)
that were significantly activated by the conditioned tone that reliably predicted food delivery. (C) Normalized firing rates of putative DA and non-DA
neurons after the injection of apomorphine (firing rates averaged for 30 min). Note that 9 out 10 putative DA neurons tested showed significant
suppression (# 20% baseline firing rates), while the majority of the non-DA neurons (20/22) showed limited or no change of firing rate by
apomorphine (1 mg/kg, i.p.).
doi:10.1371/journal.pone.0016528.g002
Figure 3. Rhythmic activity of VTA non-DA neurons during wheel running. (A) Rasters of two simultaneously recorded VTA non-DA neurons
during voluntary wheel running and quiet wakefulness. (B and C) Auto-correlation and power spectral density (PSD) analyses suggest that the same
two neurons (as shown in A) showed strong rhythmic activity (at a cycle of 0.31 sec on average) during wheel running.
doi:10.1371/journal.pone.0016528.g003
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(,200 ms) burst activity of the DA neuron [6,35]. In contrast,
simultaneously recorded VTA non-DA neurons (units 3 and 4)
showed no significant responsiveness immediately after onset of
the conditioned tone (Figure 6A).
Our results showed that VTA non-DA neurons exhibited clear
rhythmic activity during wheel running (Figures 3, 4, 5). To
determine whether the VTA DA neurons might play a role in
wheel running, we did cross-correlation analyses of the simulta-
neously recorded putative DA and non-DA neurons (by using the
most rhythmic non-DA neuron as the reference). As shown in
Figure 6B, the cross-correlation analyses revealed that VTA
putative DA neurons (units 1 and 2, the same two units as shown
in Figure 6A) also exhibited rhythmic activity during wheel
running, although to a lesser degree in compare with the non-DA
neurons (units 3 and 4, the same two units as shown in Figure 6A).
This is particularly interesting and further support the notion that
activity of the VTA DA neurons plays a role in locomotor activity
[31].
To determine whether the rhythmic activity of VTA putative
DA neurons during wheel running was of significance, we
compared the cross-correlation results between recorded spikes
and shuffled spikes (randomized spikes). As shown in Figure 6C,
there was no evident rhythmic activity of the shuffled DA units (the
same unit 3 as shown in Figure 6B was used as the reference for
cross-correlation analysis). Our correlation coefficient analyses (see
Materials and Methods) revealed that there was significant
difference between recorded spikes and shuffled spikes for both
DA and non-DA neurons (P,0.001; Figure 6D), thus suggesting
that both putative DA and non-DA neurons exhibited significant
rhythmic activity during voluntary wheel running. Together, these
findings suggest that both VTA putative DA and non-DA neurons
are involved in processing motivational locomotor signals that
correlate with animal’s movement rhythms during wheel running.
Burst activation of the VTA putative DA neuron at
movement initiation/termination
To further examine how the VTA neurons were related to
motivational voluntary movement behaviors, we set out to analysis
the neural activity at both the onset and offset of voluntary wheel
running. As shown in Figure 7A, two units were recorded
simultaneously from one tetrode in the VTA. The putative DA
neuron (unit 1) exhibited significant burst activation at both the
onset (start) and offset (stop) of wheel running, while the non-DA
neuron (unit 2) showed significant rhythmic activity during wheel
running (Figure 7A). Peri-event raters and histograms referenced
to the start of wheel running indicated that there was significant
burst activation of the putative DA neuron at the movement
initiation (Figure 7B_left panels, unit 1). Similarly, the putative DA
neuron exhibited significant burst activation at the termination of
wheel running (Figure 7B_right panels, unit 1). Statistical analysis
results suggest that VTA putative DA neurons showed significant
higher probability of burst activity at both movement initiations
and terminations in compare with the sustained wheel running
(Figure 7C). This burst activation of the VTA DA neuron may
provide motivational signals in generating start/stop signals for
voluntary movements.
Discussion
The above ensemble recordings and analyses have provided
several novel insights into the role of VTA neuronal populations in
processing both reward-related and locomotor-related motiva-
tional signals. First, VTA putative DA neurons exhibit significant
burst activation in response to the presentation of reward
predicting cues, as well as at voluntary movement initiations and
terminations. This general response property of the DA neuron is
consistent with the notion that dopamine activity is more
associated with motivation or ‘‘wanting’’ rather than hedonic
impact of reward [3,10,11]. The burst activation of the DA neuron
in movement initiation/termination is particularly interesting since
VTA DA neurons send majority of their outputs to downstream
nucleus accumbens (NAcc), which is a key interface in translating
motivation into action [36]. It will be of interest to further
investigate the interaction between the VTA and NAcc neurons
during motivated locomotor behaviors. Recently, it has been
reported that neuronal activity in the nigrostriatal circuits emerged
at the start/stop of sequence learning [37]. Together, DA neurons
in both the VTA and SNc (substantia nigra pars compacta) seem
to play an important role in generating start/stop signals during
voluntary motor control. It is possible that VTA projection
Figure 4. Activity of the VTA non-DA neuron correlates with the wheel running rhythm. (A and B) Rasters (upper panels) and smoothed
auto-correlation histograms (lower panels) of two simultaneously recorded VTA non-DA neurons during high-speed (A) and low-speed (B) voluntary
wheel running. (C) VTA neuron activity correlates with the limb-movement rhythm during wheel running.
doi:10.1371/journal.pone.0016528.g004
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pathway is more associated with habit signaling [3].
Second, VTA putative DA neurons are involved in processing
locomotor activity during sustained rhythmic movement such as
wheel running. Although it is widely believed that the nigrostriatal
DA pathway is important for animal’s locomotor activity, the role
for VTA DA neurons in locomotion remains equivocal [31]. Our
analyses of simultaneously recorded VTA putative DA and non-
DA neurons suggest that the activity of these putative DA neurons
correlates well with animal’s movement rhythms during wheel
running (Figure 6). This locomotor-correlated activity may
function in regulating or facilitating animal’s movement behaviors
or providing motivational signals in sustained rhythmic movement
activities. Considering the role of dopamine transmitter in neural
plasticity [38], these putative DA neurons are likely to play an
important role in motor skill learning [34] and further mediating
action-habit transformation [39,40].
Third, VTA non-DA neurons play a significant role in
processing locomotor-related information. Few attempts have
been made to characterize the electrophysiology activity of the
VTA non-DA neurons in vivo [21,23], and the function of these
non-DA neurons in reward circuitry and motivational behaviors is
still not clear. This is partially due to the difficulty of
characterization of non-DA neurons in the VTA because of the
lack of a clear boundary between the VTA and surrounding
nuclei. In our experiment, many non-DA neurons and putative
DA neurons were recorded simultaneously from the same tetrodes
(e.g., Figure 1B, Figure 7A), which strongly suggests that these
non-DA neurons were likely to be located in the VTA area. It has
been suggested that the activity of the VTA non-DA neuron is
associated with the initiation of movements or onset of walking
[21]. In agree with this notion, we find that VTA non-DA neurons
show increased activity during movement compared with quiet
wakefulness. Importantly, our wheel running experiment design
allows us to be more quantitatively in examining the animal’s
locomotor activity such as the running cycle, and our results
further suggest that VTA non-DA neurons are also involved in
sustained locomotor activities that correlated with the animal’s
movement rhythms. Finally, our observations on the freely
behaving animals suggest that VTA non-DA neurons may engage
in a wide variety of movement-related behaviors and the
functional correlates of these non-DA neurons during voluntary
behaviors needs to be further more carefully examined.
In summary, we show that both VTA putative DA and non-DA
neurons exhibit rhythmic activity that correlated with the animal’s
movement rhythm during voluntary behaving. Our multi-tetrode
in vivo recording experiment provide strong evidence that VTA DA
and non-DA neurons conjunctively engage in processing locom-
tor-related motivational signals that are associated with movement
initiation, maintenance and termination.
Materials and Methods
Subjects
Male C57BL/6J mice (Jackson Laboratory) aged 3–6 months
were used in this study. Full details of the study were approved by
the Institutional Animal Care and Use Committee, Georgia
Health Sciences University and covered under Protocol # BR07-
11–001.
Surgeries
A 32-channel (a bundle of 8 tetrodes), ultra-light (,1 g),
movable (screw-driven) electrode array was constructed similar to
that described previously [41]. Each tetrode consisted of four 13-
mm diameter Fe-Ni-Cr wires (Stablohm 675, California Fine Wire;
with impedances of typically 2–4 MU ` for each wire) or 17-mm
diameter Platinum wires (90% Platinum 10% Iridium, California
Fine Wire; with impedances of typically 1–2 MU ` for each wire).
One week before surgery, mice (3–5 months old) were removed
from the standard cage and housed in customized homecages
(40620625 cm). On the day of surgery, mice were anesthetized
with Ketamine/Xylazine (80/12 mg/kg, i.p.); the electrode array
was then implanted toward the VTA in the right hemisphere
(3.4 mm posterior to bregma, 0.5 mm lateral and 3.8–4.0 mm
ventral to the brain surface) (Figure 1A) and secured with dental
cement.
Tetrode Recording and Units Isolation
Two or three days after surgery, electrodes were screened daily
for neural activity. If no DA neurons were detected, the electrode
array was advanced 40,100 mm daily, until we could record from
a putative DA neuron. Multi-channel extracellular recording was
similar to that described previously [41]. In brief, spikes (filtered at
250–8000 Hz; digitized at 40 kHz) were recorded during the
whole experimental process using the Plexon multichannel
Figure 5. Phase-specific firing of VTA non-DA neurons during
wheel running. (A) Rasters of five simultaneously recorded VTA non-
DA neurons during voluntary wheel running. (B) Cross-correlation
histograms show that the same five neurons (as shown in A) fire
preferentially at specific phases of each cycle and in sequence during
voluntary wheel running (unit 4 was used as the reference for cross-
correlation calculation).
doi:10.1371/journal.pone.0016528.g005
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behaviors were simultaneously recorded using the Plexon
CinePlex tracking system. Recorded spikes were isolated using
the Plexon OfflineSorter software: multiple spike sorting para-
meters (e.g., principle component analysis, energy analysis) were
used for the best isolation of the tetrode-recorded spike waveforms.
Reward Conditioning
Mice were trained to pair a tone (5 kHz, 1 sec) with subsequent
food pellet delivery for at least two days in a reward chamber
(45 cm in diameter, 40 cm in height). Mice received 40–60 trials
for training per day, with an interval of 1–2 min between trials.
The tone was generated by the A12–33 audio signal generator (5-
ms shaped rise and fall; about 80 dB at the center of the chamber;
Coulbourn Instruments). The sugar pellet (14 mg) was delivered
by a food dispenser (ENV-203-14P, Med. Associates Inc.) and
dropped into a sugar receptacle (126763 cm) at the termination
of the tone.
Wheel Running
After recovery from surgery, mice were allowed access to a
running wheel (13 cm in diameter; Figure 3A) for two or three
days before experiment (10–30 min per day). Wheel-running was
completely voluntary in our experiment (3–5 sessions per day; 10–
30 min per session).
Histological Verification of Recording Site
On completion of the experiments, the final electrode position
was marked by passing a 10-sec, 20-mA current (Stimulus Isolator
A365, WPI) through two tetrodes. Mice were deep anesthetized
and perfused with 0.9% saline followed by 4% paraformaldehyde.
Brains were then removed and post-fixed in paraformaldehyde for
at least 24 h. Brains were rapidly frozen and sliced on a cryostat
(50-mm coronal sections) and stained with cresyl violet. All the
neurons used in the current analyses were estimated to be
recorded from the VTA area (Figure 1A).
Data Analysis
Sorted neural spikes were processed and analyzed in NeuroEx-
plorer (Nex Technologies) and Matlab. DA neurons were classified
based on the following criteria: 1) significant activation in response
to the conditioned tone that predicted food pellet delivery; 2) low
baseline firing rate (0.5–10 Hz) and long inter-spike interval (ISI
.4 ms within a=99.8% confidence level); 3) regular firing pattern
when mice were freely behaving (fluctuation ,3 Hz). Here,
fluctuation represents the standard deviation (s.d.) of the firing rate
histogram bar values (bin =1 sec; recorded for at least 600 sec).
Neurons that did not meet these criteria were classified as non-DA
neurons. It was noted that the majority of the classified putative
DA neurons (9/10) tested showed significant suppression (=20%
baseline firing rate), while the majority of the non-DA neurons
(20/22) showed limited or no change of firing rate by the
dopamine receptor agonist apomorphine (Figure 2C).
Neuronal activity changes during reward conditioning were
compared against a 10-sec control period before onset of the
conditioned tone in each trial with a constant time window (50–
600 ms) after onset of the conditioned tone using a Wilcoxon
signed-rank test. Auto-correlation, cross-correlation, power spec-
Figure 6. Rhythmic activity of both putative DA and non-DA neurons during wheel running. (A) Peri-event rasters and histograms of four
simultaneously recorded VTA neurons in response to the conditioned tone that reliably predicted food delivery (units 1 & 2: putative DA neurons;
units 3 & 4: non-DA neurons). (B) Smoothed cross-correlation histograms of the same four neurons (as shown in A) during voluntary wheel running.
Unit 3 was used as the reference for cross-correlation calculations. (C) Smoothed cross-correlation histograms of shuffled units 1 and 2 (randomized
spikes). The same unit 3 (as shown in B) was used as the reference for cross-correlation calculations. (D) Correlation coefficient analyses and
comparisons between the recoded and shuffled spikes. A set of simulated sine oscillation curves y = sin (ax + b) were used as the reference for the
correlation coefficient analysis (see Materials and Methods). n=14 and 29 for DA and non-DA neurons, respectively; *P,0.001, Student’s paired t-test.
Error bars represent s.d.
doi:10.1371/journal.pone.0016528.g006
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ing of histograms was conducted in NeuroExplorer using a
Gaussian filter (filter width =5 bins). Shuffled neural spikes were
generated in Matlab [42]. Start and stop of wheel running, limb-
movement cycles during wheel running were scored offline by the
experimenter from videotapes. Burst activity calculation of the DA
neuron was similar to that described previously (burst onset, ISI of
=80 ms; burst offset, ISI of =160 ms) [43]. Burst activity
probabilities of the VTA DA neurons at starts and stops of wheel
running were calculated in a time window of 61 sec (Figure 7C).
For correlation coefficient analyses (Figure 6D), cross-correla-
tion histograms were first normalized and z-scored. We then used
a set of simulated sine oscillation curves y = sin (ax+b) as the
reference for the calculation of correlation coefficient (conducted
in Matlab using ‘‘corrcoef’’). Here, a= 2P/T; T was wheel
running cycle. We screened the b values in each rhythm cycle to
get the maximum correlation coefficient values for individual
recorded and shuffled units. Significant differences were deter-
mined using student’s paired t-test across unless noted otherwise.
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